Surfactants are characterized by their hydrophilic head group, i.e., cationic (positively charged), anionic (negatively charged), zwitterionic (doubly charged, positive and negative), or nonionic (non-charged). Gemini, or dimeric surfactants, have two matching head groups connected by a linking chain, the most common being an alkylene chain; 1-8 the hydrophobic tails of the head groups may be the same (symmetric gemini surfactant) or different (asymmetric gemini surfactant). The symmetric members of the cationic gemini surfactants listed in the above references are the most commonly studied in the literature, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] whereas anionic, [25] [26] [27] [28] [29] [30] [31] zwitterionic, [32] [33] [34] and nonionic gemini [35] [36] [37] surfactants are comparatively less studied.
In general, surfactants lower the surface or interfacial tension of a medium in which they are dissolved by the modification of interfacial interactions. Surfactants have a variety of uses industrially and commercially, including emulsifiers, foaming agents, wetting agents, soaps, and detergents. [38] [39] [40] Due to the amphipathic nature of the surfactant monomer, the monomers typically aggregate spontaneously into spherical micelles once the monomer concentration reaches the critical micelle concentration (CMC). Micelles can have different morphologies in solution due to the chemical structure of the surfactant.
Different chemical structures cause a change in the packing parameter, P: 41
where V is the volume of the hydrophobic (tail) of the surfactant, a is the optimal surface area occupied by the polar (head) group, and l is the extended tail length. Surfactants initially form spherical micelles at concentrations slightly above the CMC (where the packing parameter equivalent to or less than 1/3). With the addition of hydrotropes and/or an increased surfactant concentration, the surface area to volume ratio increases leading to the formation of rod-like micelles and other structures at higher concentrations.
In some cases, the rod-like micelles will transform into worm-like micelles, with an increasing surfactant concentration or in the presence of hydrotropic ions, leading to significant changes in the solution rheology. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] Asymmetric gemini surfactants are surfactants that have an unequal tail length, and present an interesting test of the packing parameter. There are only a few reports in the literature that deal with the synthesis of asymmetric gemini surfactants as a function of the degree of asymmetry between the hydrocarbon tails of the surfactant. [57] [58] [59] [60] [61] [62] [63] Unfortunately, the current synthesis reported in the literature for asymmetric gemini surfactants closely resembles that of the typical cationic diammonium alkylene surfactants, and suffers low yields, is labor intensive, and time consuming.
In this paper, we report on the synthesis of a series of asymmetric gemini surfactants that is a significant improvement in percentage yield over the current literature method, and is amenable to the rapid synthesis of multiple chain and spacer lengths. The CMC values and the micelle sizes for a series of 12-4-n asymmetric cationic gemini surfactant systems were determined from conductivity measurements and dynamic light D r a f t 4 scattering, respectively. Micellar sizes were also determined in the presence of increasing amounts of two simple salts, namely sodium chloride and sodium sulfate. The evidence gathered from these techniques suggests that the dissymmetry of the alkyl chains impacts the compactness of the micelles, i.e., chain dissymmetry affects the chain packing of the micelles that in turn affects the interplay between the packing of the spacer group in the micelle palisade layer and increases hydrophobic effects. All these effects lead to subtle reorganizations of the balance of forces responsible for the self-assembly of these cationic gemini surfactants in aqueous solution. 
Experimental

Synthesis and Purification of Asymmetric Gemini Surfactant
To synthesize the asymmetric surfactant, 1,4-dibromobutane was refluxed with one in a refrigerator for a minimum of 2 to 3 hours (6-12 hours for shorter chained asymmetrics), and then put in a freezer for 2 hours. The product was vacuum filtered, washed with a small amount of cold acetonitrile and cold ethyl acetate, and left to dry in a desiccator for 24 hours. Residual solvent was removed using the procedure outlined above.
The confirmation of the product was done qualitatively by comparing the 1 H and 13 C NMR spectra acquired using a 40 mM solution of the appropriate gemini surfactant in D2O
to a predicted spectrum using the ACDH-1 and C-13 NMR predictor package (ACD Labs, Toronto ON). An example of the agreement between the predicted and the synthesized asymmetric gemini product is given below. Peaks were assigned in the spectrum according to the Predictors software and these assignments are in excellent agreement with those found in the literature for the symmetric 12-4-12 by NMR COSY measurements. 9
CMC Determination by Conductivity Measurements
Aqueous stock solutions of the synthesized symmetric and asymmetric gemini surfactants were made up in volumetric flasks by dissolving the appropriate mass of surfactant in triply deionized conductance-grade water. A YSI Model 32 Conductance
Meter was used for all conductivity measurements. The surfactant stock solution was titrated into a thermostatted cell containing triply deionized conductance-grade water and the CMC was determined from the distinctive break point in the conductivity curve.
DLS Determination of Micelle Measurements
DLS measurements were performed on a Zetasizer Nano-ZS (Malvern Instruments, UK). The light source was a He-Ne laser operating at a wavelength of 633nm at 173° scattering angle. Each measurement was repeated at least three times. By using the StokesEinstein relationship, apparent hydrodynamic diameter (Dh) of the micelles was calculated.
A total of 6 DLS readings were taken of the 4 different surfactants, each with no salt added, and in the presence of 25, 50, 75, 100, and 200 mM concentrations of NaCl as well as 10, 25, 50, 75, and 100 mM concentrations of Na2SO4.
Results and Discussion
One of the main goals of this paper is to demonstrate the improved product yield of this synthesis procedure when compared to the established literature method for making this series of asymmetric gemini surfactants. The calculated yields on the purified products using the synthesis methods outlined above were 81%, 72%, and 68% for 12-4-6, 12-4-8, and 12-4-10 respectively. These yields are substantially higher than the approximately 30% yield that was found in the literature. 60 solution, as it is well known that solutions with a viscosity greater than water can exhibit peak broadening. In Table 1 , peak integrations for the inner alkyl chain was compared with the symmetric gemini and the approximate proton count from peak integration was used to confirm successful preparation and purification of newly synthesized gemini surfactants.
The ability to make these surfactants with many different degrees of asymmetry opens up a wealth of possibilities in the investigation of structure performance relationships in gemini surfactant solutions. The conductivity curves for the 12-4-X asymmetric gemini series is given in Figure 4 . The conductance-derived CMC values, as well as the apparent degrees of counterion binding (β' values), as estimated from the ratio of the slopes of the conductivity curves above and below the break point, are presented in Table 2 . It can be clearly seen that the conductivity curves for the 12 carbon asymmetric gemini surfactants look identical to those of typical single-headed, single tailed surfactants and the symmetric gemini amphiphiles (12-4-12) , with two distinct, linear conductance versus concentration regions and a sharp break in the CMC region. The general trend from Table 2 shows that the CMC of asymmetric gemini surfactants are higher than that of the symmetric gemini surfactant in the same series, but are still well below that of a straight chain 12-carbon cationic D r a f t the asymmetry appears to be directed primarily towards altering the compactness of the surfactant micelles. i.e., introducing asymmetry appears to loosen the micellar structure leading to increased hydrophobic effects and only a slight cmc shift. The introduction of asymmetry also has an impact of the surface charge density of the micelles. As the degree of asymmetry in the chain length increases, the increased hydration and the conformational changes in the head groups region lead to a release of counterions from the micellar surface, resulting in a decrease in the apparent degree of binding.
The results of the DLS measurements, in The micelle diameter for each surfactant in the presence of varying concentration of NaCl and the Na2SO4 electrolytes is presented in Figure 5 . These plots, in general, show the expected trend of increasing micelle diameter against increasing electrolyte concentration. The effect of electrolytes on the loose micelles versus the compact micelles is most evident in Figure 5 . At a low NaCl concentration (25 mM), the micelles of all the surfactants have similar diameters. This is attributed to the fact that the looser micelles will adsorb additional counterions to further neutralize electrostatic interactions; hence, these micelles become more compact which counteracts the effect of asymmetry. As the concentration is increased, the original trend becomes visible again with a general increase in micelle diameter with increasing tail asymmetry. It is expected that upon addition of singly charged chloride ions to the solution, the chloride ions that migrate to the micelle palisade layer will only displace one bromide counterion at a time from the micelle-water interface.
The plots of micelle diameter against carbon tail length with Na2SO4 as the electrolyte 
tightening of the palisade layer as a result of shielding the strong electrostatic interactions will significantly affect the value of ds and, hence, will alter the molecular packing parameter. This effect would be more pronounced in the shorter chain asymmetric gemini surfactants, and would lead to the substantial changes in the morphologies, as evidenced by the work of Oda et al., 60 but not the cmc value of asymmetric gemini amphiphiles.
2-
This indicates that the presence of the sulfate ions and their proposed location at the micelle water interface leads to a more pronounced swelling of the micelles, increasing the hydration of the headgroups. Hence, the disruption of the balance of the hydrophobic effects and the electrostatic repulsions may lead to significant changes in the morphology of the micelles as more sulfate counterions, and indeed other ions in a Hofmeister series, are investigated. This will be the subject of future investigations in this lab.
Conclusions
An improved synthesis method for asymmetric cationic ammonium gemini surfactants and packing of asymmetric surfactant as micelles is highlighted. Asymmetric gemini surfactants are not well documented in the literature due to the difficulties surrounding their synthesis. Our synthesis method took advantage of differential solubilities, yielding products with more selectivity, higher yield, and at higher purity without the column purification steps proposed earlier by Oda, Fan, Jiang, Wang, and Bai [60] [61] [62] [63] 65 . The resulting products gave CMC values similar to Oda. 60 It was found that as the chain asymmetry was increased looser and larger micelles formed. Through the addition of the simple NaCl and Na2SO4 electrolytes, the growth of the micelles was visible. Differences 
